Abstract Embryos express several unique differentiation characteristics, including the accumulation of a number of metabolites that are generally considered to be unique to seeds. PICKLE (PKL) codes for a CHD3-chromatin remodeling factor that is necessary for repression of embryonic traits in seedlings of Arabidopsis thaliana (L.) Heynh. In pkl mutants, primary roots are capable of expressing many embryonic traits after germination and are referred to as ''pickle roots''. In an attempt to examine the breadth of PKL-dependent repression of embryo-specific differentiation pathways, we determined the extent to which a variety of embryo-specific compounds accumulate in pickle roots. We found that pickle roots accumulate triacylglycerol with a fatty acid composition that is similar to that found in seeds. The major seed storage proteins are also present in pickle roots. In addition to these two well-characterized seed storage compounds, we observed that pickle roots accumulate phytate, a form of stored phosphate that is preferentially accumulated in seeds. Seeds of members of the Brassicaceae also accumulate a variety of unique secondary metabolites, including sinapate esters and glucosinolates. Surprisingly, the levels of secondary metabolites in pickle roots were not suggestive of an embryonic differentiation state, but did reveal that a mutation in PKL results in substantial changes in root secondary metabolism. Taken together, these data suggest that PKL is responsible for regulating some but not all aspects of the embryonic program as it relates to the accumulation of embryo-specific metabolites.
Introduction
The seeds of plants accumulate nutrient reserves during the maturation stage of development, and many of these compounds are found only in seeds. During germination, an imbibed seed undergoes a programmed developmental transformation toward vegetative growth and mobilizes its storage reserves Briarty 1992, 1996; Bewley 1997; Holdsworth et al. 1999) . The signals to initiate or to stop accumulating storage reserves remain poorly characterized. Similarly, unknown mechanisms restrict the accumulation of many of these same nutrient reserves to seeds. A number of mutations have been identified in Arabidopsis that generally affect the accumulation of storage reserves. For example, mutants that are defective in abscisic acid biosynthesis or response display dramatic reductions in seed storage reserves (Koornneef et al. 1989; McCarty 1995; Parcy et al. 1997) . Other mutations affect the accumulation of specific reserve materials present in mature embryos. In both triacylglycerol biosynthesis defect1 (tag1) and wrinkled1 (wri1) mutants, for example, triacylglycerol (TAG) accumulation is specifically reduced (Katavic et al. 1995; Focks and Benning 1998; Jako et al. 2001) . Mobilization of these lipid reserves has been shown to play a key role in germination in Arabidopsis, and as a result, wri seeds exhibit a germination defect (Focks and Benning 1998) . In the comatose (cts) mutant, seed storage lipids accumulate normally but fail to be mobilized during germination, resulting in a defect in the transition to vegetative growth (Russell et al. 2000; Footitt et al. 2002) .
PICKLE (PKL) codes for a CHD3-chromatin remodeling factor that is necessary for repressing embryonic traits in germinating seedlings, including accumulation of storage reserves (Ogas et al. 1997 (Ogas et al. , 1999 . CHD3 proteins are found throughout eukaryotes and act as negative regulators of transcription that play specific roles in development (Ahringer 2000) . Current data indicate that the ability of PKL to repress embryonic traits in Arabidopsis is also mediated through transcriptional regulation. PKL is necessary for the repression of the LEC class of master regulators of embryonic identity: LEAFY COTYLEDON1 (LEC1), LEAFY COTYLEDON2 (LEC2) and FUSCA3 (FUS3) (Ogas et al. 1999; Rider et al. 2003) . Null mutations in the LEC genes result in cotyledons that display leaf-like characteristics, as well as various defects in seed development including reduced accumulation of storage reserves (Meinke 1992; Keith et al. 1994; Meinke et al. 1994; West et al. 1994; Parcy et al. 1997) . Furthermore, overexpression of LEC1 or LEC2 results in the inappropriate expression of embryonic characteristics in vegetative tissues, including the production of somatic embryos from vegetative tissues of germinating seeds (Lotan et al. 1998; Stone et al. 2001) . In germinating pkl seedlings, the transcript level of LEC1 and LEC2 is increased substantially over that found in wild-type seedlings (Ogas et al. 1999; Rider et al. 2003) . In pkl primary roots that continue to express embryonic traits after germination (so-called ''pickle roots''), LEC1, LEC2 and FUS3 are all expressed at levels more than 100-fold higher than found in wild-type roots (Rider et al. 2003) . Thus, PKL is necessary for the repression of genes that play central roles in promoting embryonic identity.
Previous analyses suggested that pickle roots were likely to accumulate storage reserves in an embryo-specific manner. Pickle roots accumulate neutral lipids, as determined by Fat Red 7B staining, and transcripts for an oleosin and the seed storage protein 2S1 are abundant in pickle root tissue. Furthermore, electron micrographs of pickle root cells reveal the presence of structures that strongly resemble the oil bodies found in seeds. These observations indicate that in the absence of PKL-dependent repression, primary roots are capable of producing and storing compounds that are normally found in embryos.
To further investigate the extent to which embryospecific differentiation traits are expressed in pickle roots, we examined pickle root tissue for the presence of several compounds known to accumulate in embryos. We found that pickle root tissue accumulates several compounds specifically found in seeds, including TAGcontaining long-chain fatty acids, seed storage proteins, and phytate. In contrast, we found that pickle roots do not accumulate secondary metabolites that are typically found in seeds. Instead, we observed that the roots of pkl plants contain a number of secondary metabolites that are not normally found in embryos or in roots. Thus although PKL acts as a master regulator of the LEC genes, not all embryo-specific traits are derepressed in pickle roots. In addition, we have identified a new role for PKL in the regulation of secondary metabolite production in roots.
Materials and methods

Plant material
Seeds and tissues from the Arabidopsis thaliana (L.) Heynh. pkl mutant (in a Columbia ecotype background) and wild-type Columbia were used for all investigations. Plants were grown essentially as described previously (Ogas et al. 1997 ). Seeds were surface-sterilized and plated onto synthetic solid media (Murashige & Skoog media supplemented with Gamborg's vitamins, 1 lg ml )1 glycine, 100 lg ml )1 myo-inositol and 1% sucrose at a pH of 5.6). Seeding density was 144 seeds per 4 cm · 4 cm square plate. Seeds were stratified at 4°C in the dark for 4 days and transferred to a CU36L incubator (Percival Scientific, Perry, IA, USA) under constant illumination (85-100 lmol photons m )2 s )1 ). Seedlings were grown for 10-14 days prior to harvest.
Lipid analysis
For TAG identification, 30 mg of tissue was homogenized in 2 ml of chloroform:methanol (1:1, v/v). This mixture was then heated at 60°C for 1 min and then extracted twice with 2 ml of 1 M NaCl/0.1 M HCl. The chloroform (bottom) phase was then dried down under nitrogen and the remaining material was then redissolved in 100 ll of chloroform. Twenty ll of this sample was then separated on a silica TLC plate developed with hexane:diethylether:formic acid (80:20:2, by vol.). Four standards were run in one lane as a control and included 20 lg each of cetyl alcohol, TAG (18:1/16:0/18:1), 16:0 aldehyde, and palmitic palmityl ester. Lipids were visualized by staining with iodine.
To isolate the TAG fraction from pickle roots for fatty acid methyl ester (FAME) analysis, the TAG spot was scraped off of the plate and vortexed into 2 ml of chloroform:methanol:acetic acid (50:50:1, by vol.). Debris was removed by centrifugation, the supernatant was dried down under nitrogen, and the remaining material was then dissolved in 1 ml of 1 N methanolic HCl. Preparation of methyl esters from this sample and others, and the subsequent gas-chromatographic analysis of the resulting extracts was performed using established procedures (Browse et al. 1986 ) with a Hewlett-Packard 5800 gas chromatograph equipped with a Supelco SP2330 glass capillary column (0.75 mm · 20 m).
Protein composition
An analysis of seed or pickle root protein was made using denaturing polyacrylamide gel electrophoresis (Laemmli 1970) . Crude protein was extracted using a modified form of the EZ protein extraction method (MartinezGarcia et al. 1999 ). Protein from seeds or roots was extracted by homogenizing tissue in buffer E [125 mM Tris (pH 8.8), 1% (w/v) SDS, 10% (v/v) glycerol, 50 mM Na 2 S 2 O 5 ] containing 1% protease inhibitor cocktail (Sigma). Debris was removed by centrifugation at 10,000 g for 10 min, followed by the addition of 1/10 volume of buffer Z [125 mM Tris (pH 6.8), 12% (w/v) SDS, 10% (v/v) glycerol, 22% b-mercaptoethanol, 0.001% (w/v) bromophenol blue]. The samples were then heated at 95°C for 5 min. Protein was quantified using the RC DC assay from BioRad. Twenty lg of each sample was electrophoresed in a 15% SDS-polyacrylamide gel containing 0.1% SDS and subsequently stained with Coomassie brilliant blue R250.
Phytate analysis
The concentration of free and phytate-bound phosphate present in seeds or roots was measured by spectrometry as described by Heinonen and Lahti (1981) . Samples were homogenized in 100 ll of 10 mM Tris buffer (pH 8.0), mixed with 90 ll of deionized water, incubated at 37°C in the presence of phytase enzyme (40 U Natuphos in 10 ll; BASF, AG Ludwigshafen, Germany) and stopped at 0 or 30 min by the addition of 100 ll of 30% TCA. For color development, the resulting solutions were mixed with 900 ll of acetone-acid molybdate (2.5 mM ammonium molybdate, 50% acetone, 25% sulfuric acid) and 100 ll of 1 M citric acid. Wild-type and pkl seeds were examined as well as root tissues of wild-type and pkl plants. Triplicate biological samples were examined for each tissue for each time point. Phosphorous levels were deduced using absorbance readings at 355 nm of samples and the equation of the best-fit line derived from a standard curve. Phytate-derived phosphorous was determined as the difference in average detectable phosphorous between samples from the two time points.
Transmission electron microscopy
Transmission electron microscopy was performed as described previously (Kolosova et al. 2001 ) using pickle roots from 10-day-old pkl plants grown in the presence of uniconazole-P.
Sinapate ester and glucosinolate analysis
For analysis of soluble secondary metabolites, sinapate esters and glucosinolates were analyzed and quantified as described previously (Hemm et al. 2003) .
Quantitative RT-PCR For analysis of cruciferin (12S seed storage protein) transcript levels in pickle and wild-type roots, quantitative RT-PCR was performed on an ABI Prism 7000 Sequence Detection System (Applied Biosystems, Foster City, CA, USA) as described previously (Rider et al. 2003) . Relative abundance of transcript was determined using 18S as a normalization control. PCR primers for 18S were GGTCTGTGATGCCCTTAGATGTT, and GGCAAGGTGTGAACTCGTTGA. Primer sequences for cruciferin (At1g03880) were GTGCCAGCTCGAT-CAACTCA, and CGACCACCCTCGCTCTTG.
Results
Lipid analysis
Pickle roots stain intensely with Fat Red 7B, a dye that binds neutral lipids such as TAGs (Ogas et al. 1997) . To determine whether the staining of pickle roots was indeed the result of TAG accumulation, lipids were extracted from wild-type and pickle roots and analyzed by TLC (Fig. 1a) . Lipid extracts from pickle roots (lane 2) clearly contained a fraction that co-migrates with the TAG standard (lane 3), whereas this fraction was not detected in lipid samples from an equivalent amount of wild-type roots (lane 1).
The fatty acid composition of seed TAGs is distinct from that of leaf-derived lipids (Ohlrogge et al. 1991) . We analyzed the fatty acid composition of the TLC- The fatty acid composition of wild-type (Wt) seeds, pkl seeds, and the TAG fraction from pickle roots as determined by GC. c The fatty acid composition of wild-type and pkl leaves as determined by GC purified pickle root TAG fraction by gas chromatography to determine if the profile of fatty acids was similar to that of seed-derived lipids. We also analyzed the fatty acid composition of wild-type seeds, pkl seeds, and TAGs extracted from pickle roots (Fig. 1b) . The fatty acid content of pickle root TAGs was remarkably similar to that of seeds. In particular, 16:1 and 16:3 fatty acids were not detected in the pickle root TAGs, 18:2 was the most abundant fatty acid rather than 18:3, and 20-and 22-carbon fatty acids were found in the pickle root TAGs in proportions that were very similar to that of seed-derived lipids.
The presence of TAG in pickle roots with a fatty acid composition that is characteristic of seeds is unlikely to reflect a general alteration in lipid metabolism in pkl plants. The fatty acid composition of pkl seeds is indistinguishable from that of wild-type seeds (Fig. 1b) . To determine if a mutation in PKL altered the fatty acid composition of non-embryonic tissues, we analyzed the fatty acid composition of wild-type leaves and pkl leaves (Fig. 1c) . In contrast to the dramatic effect on lipid composition in pickle roots, we observed that the pkl mutation does not result in a substantive alteration in the fatty acid content of leaves. In particular, we did not observe the presence of long-chain fatty acids typical of those found in seeds. This observation is consistent with previous observations that inappropriate expression of embryonic traits in pkl seedlings is only observed in those organs that are produced during embryogenesis (Ogas et al. 1997; Henderson et al. 2004 ).
Comparison of protein composition
In Arabidopsis, cells of the mature embryo contain protein bodies (Mansfield and Briarty 1992) . Seed storage proteins are rich in nitrogen and are presumed to represent a form of nitrogen storage for use by developing seedlings (Muntz 1998) . A majority of the soluble protein present in Arabidopsis seed is represented by a limited number of seed storage proteins that can be visualized as distinct bands on polyacrylamide gels (Finkelstein and Somerville 1990; Fujiwara et al. 2002) .
Transcripts for the gene encoding the 2S1 seed storage protein are present in pickle root tissue but not in wild-type roots (Ogas et al. 1997 ). To determine if this level of gene expression results in the accumulation of seed storage proteins, we examined the content of crude protein extracts from pickle root tissue by denaturing polyacrylamide gel electrophoresis. The major seed storage proteins are easily visualized in protein extracts from wild-type and pkl seeds (Fig. 2, lanes 1, 2) . Consistent with the analysis of transcript levels, we observed that extracts from pickle roots clearly gave rise to bands that co-migrated with the 2S seed storage proteins (lane 4), whereas extracts from wild-type roots did not (lane 3). In addition, extracts from pickle roots appeared to give rise to bands that co-migrated with 12S seed storage proteins, although the presence of multiple bands in extracts from wild-type roots that migrate at similar molecular weights makes this observation less obvious than the 2S seed storage proteins. In agreement with this observation, examination of pickle roots by transmission electron microscopy revealed the presence of structures that resemble the protein bodies of seeds (Fig. 4) . These data thus indicate that pickle roots do accumulate seed storage proteins. Finally, we also examined the relative transcript level of cruciferin, a 12S seed storage protein, by quantitative RT-PCR in wildtype and pickle roots. We found that12S transcript levels were several thousand times higher in pickle root tissues than in wild-type root tissues (>20,452-fold; average of 3 replicates).
Although our analyses indicate that pickle roots accumulate seed storage proteins, it is worth noting that our data also reveal that the overall protein composition of pickle roots is significantly more complex than that of seeds as indicated by the number of bands observed in the crude extracts. This observation is consistent with other observations indicating that pickle roots express both embryo and seedling differentiation traits (Ogas et al. 1997 ).
Analysis of phytate levels
In addition to TAG and storage proteins, plant embryos accumulate various other compounds and mineral nutrients (Bewley and Black 1994) . Phosphorous is an essential nutrient for plants and is stored within seeds as an organic compound called phytate (myo-inositol hexakisphosphate). Phytate is sequestered in the protein bodies of Arabidopsis seeds as phytin globoids-a complex mixture of proteins, various cations, and phytate (Mansfield and Briarty 1992) . The mineral composition Fig. 2 Proteins that co-migrate with seed storage proteins are present in A. thaliana pickle roots. Proteins were extracted from wild-type seed (lane 1), pkl seed (lane 2), wild-type roots (lane 3), and pickle roots (lane 4) and subjected to SDS-PAGE. Positions of the acidic (12S-a) and basic (12S-b) subunits of 12S globulin and the large (L) and small (S) subunits of 2S albumin from seeds are indicated to the left. Positions of proteins isolated from pickle roots that co-migrate with seed storage proteins are marked with an asterisk (*) to the right of the band. 20 lg of protein was loaded per lane. The size (in kDa) of protein molecular weight standards is indicated to the right of the gel of globoids in Arabidopsis seed protein bodies differs between tissues, but contains relatively high levels of P, Ca, K, and Mg with lower amounts of Fe, Mn and Zn (Lott and West 2001) . Given that seed storage proteins are present in pickle roots (Fig. 2) , we attempted to determine if phytate was also present in pickle roots.
To this end, we examined seeds and roots for phytatebound phosphorous using phytase to enzymatically remove phosphate from phytate. We then quantified the inorganic phosphate using a colorimetric assay. Using this assay, we found that the level of phosphate that can be enzymatically removed from phytate by phytase accounted for approximately 60% of the detectable phosphate present in our pkl and wild-type seed extracts (Fig. 3a) . We also found that the relative abundance of phosphate that can be liberated from pickle root extracts via phytase is similar to that found in seeds (53%). Similar analysis of wild-type root extracts did not reveal the presence of phytate, indicating that phytate-bound phosphate was not abundant in wild-type root tissues (Fig. 3a) . This observation suggested that pickle roots are accumulating phosphorous as phytate, similar to embryos. Similarly to seed storage proteins, the amount of phytate-derived phosphate in pickle root tissue (as represented by ng/mg fresh weight) is substantially less than that found in seeds (Fig. 3b) .
To determine whether phytin globoids, storage structures for phytate, were formed in pickle roots, we examined pickle root cortical cells by transmission electron microscopy. This analysis revealed the presence of phytin globoids within protein bodies of pickle root cortical cells (Fig. 4) . Considering that pickle roots also accumulate lipid in oil bodies (Ogas et al. 1997 ), these data demonstrate that in pickle roots, multiple seed storage materials accumulate in an organized fashion in a manner analogous to that of seeds.
Secondary metabolite analysis
Seeds of Arabidopsis accumulate a number of characteristic secondary metabolites including specific sinapate esters and glucosinolates (Matthaus 1998; Kliebenstein et al. 2001) . Sinapoylcholine, in particular, is present in seeds and is believed to represent a stored form of choline that is subsequently used by young developing seedlings (Ruegger and Chapple 2001) . The function of seed glucosinolates is unknown, but it is likely that they are involved in plant defense and protection (Rask et al. 2000) . Although representatives of these classes of secondary metabolites are present in seeds, other sinapate esters and glucosinolates are present in other tissues (Kliebenstein et al. 2001) , thus their presence provides a biochemical fingerprint for the differentiation state of the tissue analyzed. Genotype and environmental conditions may also influence the accumulation of these compounds in various tissues (Kliebenstein et al. 2001; Brown et al. 2003) .
To test the hypothesis that pickle roots may accumulate sinapoylcholine or other embryo-specific sinapate esters, methanolic extracts from pickle roots were analyzed by HPLC (Chapple et al. 1992; Lorenzen et al. 1996; Lehfeldt et al. 2000; Hemm et al. 2003) . pkl plants were grown on synthetic media containing uniconazole-P to increase pickle root penetrance (Ogas et al. 1997 ) in order to provide sufficient material for these biochemical analyses. Because these growth conditions may be stressful to the plant and lead to alterations in phenylpropanoid metabolism that are not truly specific to Fig. 3a,b Pickle roots of A. thaliana contain phosphorous bound in the form of phytate. a The relative molar abundance of free and phytate-bound phosphate as determined by enzymatic analysis for seeds and roots from wild-type (Wt) and pkl plants. b Amount of phytate (mean ng/mg FW) found in wild-type seed, pkl seed, and pickle roots pickle roots, the phenylpropanoid content of wild-type roots grown on plates with and without uniconazole-P was examined in parallel. In addition, we examined the phenylpropanoid content of secondary roots of pkl plants grown in the presence or absence of uniconazole-P. Secondary roots of pkl plants (referred to here as pkl secondary roots to distinguish them from embryogenic ''pickle roots'') do not express embryonic traits and were examined to determine if mutating PKL had an effect on secondary metabolism in the absence of expression of embryonic traits.
The results of these analyses reveal that pickle roots uniquely accumulate sinapic acid and sinapoylglucose, a sinapate ester found in both leaves and seeds but not in normal roots (Fig. 5) . In concentrated samples, compounds with the same retention time and spectra as sinapoylmalate and sinapoylcholine were detected in pickle roots but were absent in all other samples assayed (data not shown). These results indicate that phenylpropanoid biosynthesis is altered in pickle roots, although not in a manner that is consistent with an embryonic state of phenylpropanoid metabolism. Furthermore, pkl secondary roots hyperaccumulate other phenylpropanoid-derived compounds in comparison to wild-type roots (Fig. 5) . Thus, the loss of PKL results in changes in phenylpropanoid metabolism in roots in a manner that is distinct from the failure to repress embryonic traits.
To determine if pickle roots accumulate embryo-specific glucosinolates, methanolic extracts of pickle roots, wild-type roots, and pkl secondary roots (grown as described above) were fractionated by anion-exchange chromatography and analyzed by HPLC (Hemm et al. 2003) . The most abundant glucosinolates found in wildtype roots were 4-methylthiobutyl (4MTB), indol-3-ylmethyl (I3M), 1-methoxyindol-3-ylmethyl (1MOI3M) and 4-methyoxyindol-3-ylmethyl (4MOI3M) glucosinolates (Table 1) . Wild-type roots grown on uniconazole-P showed similar levels of these glucosinolates as well as a slight accumulation of the methionine-derived 8-methylsulfinyloctyl glucosinolate (8MSOO; Table 1 ). In contrast, pkl secondary roots accumulated a significant amount of 8MSOO and greater levels of I3M while showing decreased levels of 4MOI3M. Growth on uniconazole-P did not significantly affect glucosinolate levels in pkl secondary roots, with the exception of decreased I3M. In comparison to these tissues, the glucosinolate content of pickle roots was most similar to that of pkl secondary roots grown on uniconazole-P, although pickle roots accumulated significantly less 4MOI3M and 1MOI3M (Table 1) . Accumulation of embryo-specific glucosinolates such as 3-benzoyloxypropyl glucosinolate (3BZO) and 4-benzoyloxybutyl glucosinolate (4BZO) was not observed in pickle roots. Thus glucosinolate biosynthesis is altered in the roots of pkl plants, although pickle roots do not accumulate a profile of glucosinolates similar to that observed in embryos.
Discussion
The Arabidopsis PICKLE gene (PKL) encodes a member of the CHD3 class of chromatin remodeling complexes. In Xenopus and mammalian cell lines, a CHD3 protein is a component of a major histone deacetylation complex (Mi-2/NURD) that is presumed to generally function as a negative regulator of transcription (Tong et al. 1998; Wade et al. 1998; Xue et al. 1998; Zhang et al. 1998) . A growing body of work indicates that CHD3 proteins play specific roles in the development of plant and animal systems and act as repressors of key regulators of developmental identity (Ahringer 2000) . In Drosophila melanogaster, a CHD3 homolog is required for the repression of homeotic genes during embryogenesis (Kehle et al. 1998) , whereas in C. elegans a CHD3 Fig. 5 Secondary metabolism is altered in roots of pkl plants of A. thaliana. HPLC analysis of soluble secondary metabolites that accumulate in the roots of wild-type and pkl plants grown in the presence or absence of uniconazole-P (unic) as compared to wildtype seeds. The elution of UV-absorbing compounds was monitored at 322 nm. Phenylpropanoids are identified as follows: SA sinapic acid, SG sinapoylglucose, SC sinapoylcholine homolog is necessary for the repression of germ-linespecific genes in somatic cells (Unhavaithaya et al. 2002) . Furthermore, a human CHD3 protein has been demonstrated to play a role in epithelial cell differentiation as an estrogen-dependent repressor of the master regulator Snail (Fujita et al. 2003) . Similar to its animal CHD3 counterparts, PKL plays a developmental role in plants (Ogas et al. 1997) and is required for the repression of regulators of embryonic identity in vegetative tissues (Ogas et al. 1999; Rider et al. 2003) .
Previous analyses have revealed that the pickle roots of pkl seedlings display several embryonic characteristics (Ogas et al. 1997) . Although pickle roots can undergo somatic embryogenesis when excised from the plant (Ogas et al. 1997 ) and possess greatly elevated transcript levels for the LEC class of master regulators (Rider et al. 2003) , the extent to which embryonic traits are derepressed in pickle roots has not been systematically examined. Here we report an analysis of the biochemical composition of pickle root tissue with an emphasis on the characterization of compounds known to accumulate in embryos.
Pickle roots accumulate embryonic storage materials
Although lipids usually comprise less than 1% of the weight of tissues such as roots or leaves (Broun et al. 1999) , previous histological analyses of pickle roots indicated the presence of large quantities of neutral lipids that are organized into oil bodies that are morphologically similar to those from seeds (Ogas et al. 1997) . We found that pickle roots specifically accumulate TAG with a fatty acid composition that is indistinguishable from that of seed lipid (Fig. 1a,b) . Thus, many of the genes involved in synthesis of seed lipid are likely to be expressed in pickle roots. Furthermore, although long-chain fatty acids that are typical of seed lipids are present in pickle roots (Fig. 1b) , we found that these long-chain fatty acids were not detectable in lipids from pkl leaf tissue (Fig. 1c) . These data support previous observations that derepression of embryonic traits in pkl plants is restricted to organs produced during embryogenesis (Ogas et al. 1997) .
More than half of the protein in mature seeds is represented by the 12S seed storage proteins and the remaining protein is comprised mostly of the 2S seed storage proteins (Finkelstein and Somerville 1990; Fujiwara et al. 2002) . Several different types of analyses strongly suggest that seed storage proteins are abundant in pickle roots as well. Transcripts for the AT2S1 seed storage-protein gene have previously been reported to be present in pickle roots but not wild-type roots (Ogas et al. 1997 ), and we report here that the transcript for a 12S seed storage protein is elevated more than 20,000-fold in pickle roots compared with wild-type roots. Analysis of the protein content of pickle roots on a Coomassie-stained gel reveals the presence of bands that co-migrate with the 12S and 2S seed storage proteins from seeds (Fig. 2) . Finally, analysis of pickle roots by transmission electron microscopy reveals the presence of structures that resemble the protein bodies of seeds. The presence of seed storage proteins in pickle roots is consistent with the elevated expression of LEC1, LEC2, and FUS3 in pickle roots (Rider et al. 2003) , all of which have been implicated in promoting expression of storage proteins in embryos (Meinke et al. 1994; Parcy et al. 1997; Harada 2001) . The pattern of proteins that accumulate in pickle roots is considerably more complex than that observed in seeds (Fig. 2) , again supporting previous observations that pickle roots express the differentiation characteristics of both embryonic and nonembryonic tissue (Ogas et al. 1997) .
In addition to accumulating storage reserves of lipid and protein, seeds accumulate phosphorous which is stored in seed as an organic compound called phytate (Mansfield and Briarty 1992) . We found that phytate is also present in pickle roots (Fig. 3a) , revealing that pickle roots also accumulate embryonic storage forms of minerals. The proportion of phosphorous that is accumulated as phytate in pickle roots is equivalent to that observed in seeds when adjusted for the total level of phosphate that is found in each sample. In addition, pickle roots possess phytin globoids (Fig. 4) , thus demonstrating that pickle roots are storing phytate in a manner analogous to that employed by the seed. In fact, all three seed storage compounds investigated-lipids, proteins, and phytate-accumulate in pickle roots in forms that are indistinguishable from those observed in seeds (Ogas et al. 1997) . Thus in addition to expressing those factors necessary for accumulation of seed storage compounds, pickle roots also express those factors necessary for those compounds to be sequestered properly within the cell.
Secondary metabolism is PKL-dependent in root tissue
Seeds also accumulate unique secondary metabolites including specific sinapate esters and glucosinolates (Matthaus 1998; Kliebenstein et al. 2001) . In contrast to the seed storage compounds analyzed above, we found that these secondary metabolites do not accumulate in an embryo-specific manner in pickle roots (Fig. 5 , Table 1). Thus inhibition of embryo-specific secondary metabolic pathways in seedlings may be PKL-independent. Alternatively, it is possible that phenylpropanoid metabolism is regulated by PKL whereas the biosynthesis of choline is not. Choline is the substrate for enzyme sinapoylglucose: choline sinapoyltransferase (SCT) and thus required for formation of sinapoylcholine. This model of regulation would explain the accumulation of sinapoylglucose in pickle roots, a phenotype similar to that observed in the SCT-deficient sinapoylglucose accumulator2 (sng2) mutant of Arabidopsis (Shirley et al. 2001) . These data further suggest that the LEC genes may not be involved in regulating secondary metabolism. Transcript levels for all three of these master regulators are elevated at least 100-fold in pickle roots in comparison to wild-type roots (Rider et al. 2003 ) and yet accumulation of secondary metabolites does not adopt an embryonic pattern.
Surprisingly, we found that secondary metabolism is disrupted in the pkl mutant and that pkl roots accumulate abnormal amounts of a number of compounds derived from both the glucosinolate and phenylpropanoid pathways. These changes appear to reflect a previously uncharacterized role for PKL in regulating metabolism. It is currently not clear if metabolic flux through the phenylpropanoid pathway is generally derepressed in roots, or if instead specific branches of the phenylpropanoid pathway are PKL-dependent. Similarly, the specific effect of PKL on expression of genes involved in glucosinolate biosynthesis remains to be determined.
PKL has been proposed to mediate gibberellin (GA)-dependent responses (Ogas et al. 1997 ), but GA levels have not previously been reported to affect accumulation of these secondary metabolites. In the course of carrying out these analyses, we examined the effect of 10 )8 M uniconazole-P on accumulation of these compounds in wild-type roots. We observed that accumulation of both phenylpropanoid-derived compounds and glucosinolate-derived compounds in wild-type roots is largely insensitive to treatment with 10 )8 M uniconazole-P. These observations indicate that the role of PKL in regulation of secondary metabolism is unlikely to be reflective of its role in mediating GA-dependent responses. Consequently, these data suggest we have uncovered a new role for PKL in growth and development of Arabidopsis that is distinct from previously characterized roles.
The specific role of PKL in regulation of the genes involved in these biosynthetic pathways-lipid, protein, phytate, or secondary metabolites-remains to be determined. Analysis of the transcript levels of the LEC genes and of genes that code for seed storage proteins reveals that the transcript levels of these genes are initially equivalent to wild-type levels in imbibed seeds but then subsequently increase during the germination of pkl seeds (Rider et al. 2003 ) (data not shown). Thus inappropriate expression of these genes appears to be a result of germination-specific derepression of these loci rather than carryover from seed formation itself. Given that the LEC gene products promote seed maturation (Meinke 1992; Keith et al. 1994; Meinke et al. 1994; West et al. 1994; Parcy et al. 1997 ) and that expression of LEC genes is elevated during germination of pkl seeds and in pickle roots (Ogas et al. 1999; Rider et al. 2003) , perhaps PKL acts as a repressor of LEC genes, which when expressed inappropriately lead to the ability to express compounds in pickle roots associated with seed maturation such as oil, protein, and phytate. It is also possible, however, that PKL is directly involved in regulating one or more of the genes involved in the synthesis of these compounds.
The observation that pkl plants exhibit novel accumulation of secondary metabolites that are not embryo-specific also raises the possibility that PKL is directly involved in regulation of one of more of these genes. In the absence of additional data, however, it is also quite possible that these effects could be indirect. Nonetheless, the observation that secondary metabolites are inappropriately expressed in pkl plants reveals that they may contribute to some aspect of the visible mutant pleiotropies exhibited by pkl plants, including aberrant shoot and root development.
Pickle roots represent a novel context for characterizing biosynthetic pathways of agronomic importance Identification of the embryo-specific metabolites in the roots of pkl seedlings demonstrates that it is possible for plant roots to accumulate novel compounds when given the appropriate developmental context. The presence of these active metabolic pathways, whether the embryonic pathways in the pickle root or the novel secondary metabolic pathways of all pkl roots, provides a unique context for further genetic and biochemical characterization of these pathways. Such characterization would be of practical value as these pathways generate traits that can be of significant agronomic importance.
Phytate, for example, is a negative agronomic trait in a food crop. It is indigestible by humans and other nonruminant animals and can act as an anti-nutritional compound by sequestering essential trace minerals (Lott et al. 2000; Raboy et al. 2001) . As a result, much effort has been placed on the production of low-phytate plant seeds (Raboy et al. 2001) or on the production of transgenic animals capable of expressing phytase enzymes to digest phytate (Golovan et al. 2001a (Golovan et al. 2001b Hostetler 2003) . Characterization of phytate accumulation in seeds from crop plants has revealed that accumulation of phytate can be quite variable and is affected by growth conditions and genotype (Lott et al. 2000) . Pickle roots represent a new context in which to undertake genetic and biochemical characterization of phytate accumulation. Such studies may facilitate the identification of previously uncharacterized factors and mechanisms that govern phytate accumulation in seeds.
It has previously been noted that production of agronomically significant quantities of TAGs in a root crop would be of significant economic value (Ogas et al. 1997 ). Our observations extend this concept and suggest that roots represent a potential site for accumulation of valuable secondary compounds. A plethora of secondary compounds are produced in plants and many of them are only found in useable quantities in specific tissues of certain species. Several reviews regarding the commercial production of plant secondary metabolites (especially pharmaceuticals) have emphasized the need for innovation and large-scale, economical options for the production of fine chemicals in plants and plant cells (Verpoorte et al. 1999) . One alternative to cell culture that is widely believed to have promise is the use of hairy root cultures to produce specialty chemicals, although hairy root cultures are still not economically feasible in most cases (Shanks and Morgan 1999) . Further characterization of altered secondary metabolism in pkl roots may circumvent current limitations by revealing new factors that will facilitate the accumulation of additional secondary compounds in plant roots.
In summary, we have shown that pickle roots of pkl seedlings accumulate a variety of compounds that are normally preferentially accumulated in embryos. Not all embryo-specific pathways are derepressed in pickle roots, however, and embryo-specific secondary metabolites do not accumulate in pickle roots. Instead, PKL plays a previously undiscovered role in non-embryonic secondary metabolism and is required for normal accumulation of secondary metabolites in roots. It is not clear what properties of the pkl roots make them capable of accumulating the compounds described herein, or if other vegetative tissues could similarly accumulate these compounds given the appropriate developmental context. Nonetheless, it should be possible to further dissect the pathways that lead to lipid, protein, phytate and secondary metabolite accumulation in pickle roots and pkl secondary roots through genetic or biochemical analyses. It may also be possible to further engineer the production of related compounds in economically significant quantities in root crops.
